Genetic selection in primary broiler breeders may modify skeletal structure, possibly impeding semen transfer, and could alter the size and degree of fluctuating asymmetry (FA) of bilateral traits associated with fertility. Hence, we hypothesized specific morphometric traits could predict differential fertility. Sixty primary broiler breeder males from Strains A and B (n = 30/strain) were individually housed with an average of 10 females per male. Male fertility and sperm penetration (SP) through the perivitelline layer were estimated on fresh eggs. At 50 wk, BW, keel length (KL), posterior pelvic width and length (PPW, PPL), dorsal pelvic width and length (DPW, DPL), tarsometatarsal length and width (TL, TW), comb length and width (CL, CW), and wattle (Key words: broiler breeder, male fertility, skeletal conformation, fluctuating asymmetry) 2003 Poultry Science 82:328-337 Abbreviation Key: CL = comb length; CW = comb width; DPL = dorsal pelvic length; DPW = dorsal pelvic width; FA = fluctuating asymmetry; KL = keel length; PPL = posterior pelvic length; PPW = posterior pelvic width; SP = sperm penetration; TL = tarsometatarsal length; TW = tarsometatarsal width; WA = wattle area; WL = wattle length; WW = wattle width.
INTRODUCTION
The recent decline of fertility of naturally mated broiler breeder flocks (Reddy and Sajadi, 1990) is related, in part, to the differential reproduction among males, as some males have high fertility whereas others have low fertility (subfertile) and, hence, contribute to a reduction in overall flock fertility. Although male broiler breeder behavior (Burke and Mauldin, 1985; Jones and Mench, 1991) and physiology (Wishart and Palmer, 1986; Froman et al., 1992; Kirby et al., 1994) affect the level of fertility attained by individuals, male physical characteristics may also be important. The potential for physical traits to impact reproduction is evident when one considers the historical situation in the turkey industry. Subfertility in naturally mated toms reached a critical point at which reproduction could no longer be maintained without utilizing artificial insemination. Fertility problems were partially attributed to selection for increased BW (Kondra and Shoffner, 1955;  2003 Poultry Science Association, Inc. Received for publication July 1, 2002. Accepted for publication September 24, 2002. 1 Supported by a grant provided by U.S. Poultry and Egg Association, Project #449. 2 To whom correspondence should be addressed: ie7@umail. umd.edu. 328 length, width, and area (WL, WW, WA) were measured. Results indicated that Strain A had smaller BW, KL, WL, WW, WA, CL, CW, PPL, DPL, and DPW. A higher degree of FA was found in Strain A TL and WL (P < 0.05), yet DPW FA was greater for Strain B (P < 0.001). In addition, DPW FA negatively correlated with Strain B fertility (r = −0.369; P < 0.01); however, other FA measurements did not correlate with estimated fertility or SP. Strain A WL correlated with SP (r = 0.383; P < 0.01) and fertility (r = 0.346; P < 0.01). Results indicate DPW alteration may impact semen transfer upon copulation, as Strain A fertility negatively correlated with DPW (r = −0.298; P < 0.05). This research provides evidence that morphometric traits might be useful to predict fertility in broiler breeders. Ogasawara et al., 1963) and modified breast size (Berg and Shoffner, 1954; Carte and Leighton, 1969) , which reduced the physical ability of toms to mount and copulate successfully, hence inefficient semen transfer at the time of copulation likely contributed to the fertility decline in turkey breeders (Smyth and Leighton, 1953; Hale, 1955; Carte and Leighton, 1969) . As with turkeys, broiler breeders have undergone intense selection pressure for production traits that consequently has altered birds' muscular distribution, breast size, and BW.
Genetic selection for traits such as growth rate and yield have been negatively associated with the expression of morphometric traits related to reproduction (Soller et al., 1965a; Siegel and Dunnington, 1985) . Specifically, male BW is known to directly impact reproduction in broiler breeders (Wilson et al., 1979; Siegel and Dunnington, 1985) . An additional consequence of selection for growth is that skeletal conformation and leg dimensions have likely been modified to physically support birds' bodies. These physical modifications may impede semen transfer (Soller et al., 1965b; Wilson et al., 1979; Hocking and Duff, 1989; Siegel and Dunnington, 1985; Fontana et al., 1990) , for example, through altered compatibility of the male and female cloacal positioning during copulation, which could reduce concomitant fertility.
Along with the potential for physical modifications to impact fertility, the degree of development of the secondary sexual characters could also affect the reproductive potential of an individual. For example, comb and wattle growth are androgen dependent (Dorfman, 1948; Zeller, 1971) and have been shown to correlate with a male's health status in red jungle fowl (Hamilton and Zuk, 1982) . Sexual selection theory states that this differential expression (individual variation in the degree of phenotypic expression) of secondary sexual characters may reliably indicate individual male quality (Hamilton and Zuk, 1982; Kodric-Brown and Brown, 1984; Andersson, 1994) . Evidence provided by Zuk et al. (1995) supports this theory, as when female red jungle fowl were given a choice of two males during a preference test, they more frequently mated with males possessing large combs.
Asymmetry refers to the random deviations from symmetry in the development of bilaterally symmetrical traits (i.e., primary wing feather length, tarsus length, and spur length) (Van Valen, 1962; Johnstone, 1994; Møller, 1994) . Fluctuating asymmetry (FA), a specific type of asymmetry, occurs without any directionality, deviating in either direction with a normal distribution and a mean of zero (Møller, 1994) . FA has been demonstrated to convey an individual's ability to cope with environmental and social stress (Leary and Allendorf, 1989; Parsons, 1990; Møller et al., 1995) and reflects male reproductive quality in some avian species, as poor quality males tend to be more asymmetric (Møller, 1990 ). In addition, females have been shown to prefer to mate with males that are more symmetric (Møller, 1992) .
Because stress may negatively affect reproduction (Edens, 1983) , environmental stressors such as extreme temperature (McDaniel et al., 1995) and feed restriction (Bartov et al., 1988; Sexton et al., 1989) could have a detrimental impact on fertility of male broiler breeders under commercial conditions. Hence, if stress reduces fertility and also increases FA, measuring the degree of FA may reliably identify males that are more likely to have low fertility.
The relationship between secondary sexual characters and fertility was previously confirmed in domestic fowl by McGary et al. (2002) , who found that male broiler breeders with larger combs within specific strains were likely to have higher fertility, as a significant positive correlation was found between Strain A males and their individual fertility level. As such, if female broiler breeders more frequently crouch for and subsequently mate with males having large, symmetrical combs and wattles, differential fertility may be related to the fact that highquality males secure a higher mating frequency, which should, in turn, improve reproduction. These previous findings led us to investigate wattle size, other relevant comb dimensions, and other morphological characteris-tics as sexual traits potentially indicating male fertility levels. The intent of this study was to characterize the relationship between male fertility and various physical traits in two male-selected strains (A and B) of primary broiler breeders. It has been previously demonstrated by McGary et al. (2002) that Strain A has lower mean fertility as well as reduced sperm penetration (SP) through the perivitelline layer of the ova. We predicted that males with lower fertility would have higher BW, altered pelvic and leg conformation, smaller secondary sexual characters, and a higher degree of FA in bilateral traits.
MATERIALS AND METHODS

Experimental Design
Two male-line genetic strains (A and B) of primary broiler breeders, used by the primary breeder company (undisclosed) for pure line regeneration, were investigated in this study. Both strains have undergone different genetic selection regimes. Strain A, in particular, was derived from a Cornish line with selection for breast yield and had greater fertility problems than Strain B, which has undergone selection for growth (McGary et al., 2002) . Following commercial management practices for pure line selection, all birds were broilerized, defined as the provision of ad libitum feed to allow phenotypic expression of the broiler growth traits. Following broilerization, individuals were selected as pedigree birds at 7 wk of age. From 7 to 21 wk, males and females were reared in blackout housing on a feed-restriction program (undisclosed information).
At 21 wk, each male was randomly placed in an individual pedigree breeder pen containing an average of 10 females. Males were feed-restricted on a daily basis to maintain live weight (3,168 kcal/kg BW/d and 12% CP), whereas females were feed-restricted to maintain egg production. Each strain was maintained in an open-side house on a 16.5L:7.5D lighting program and managed according to standard operating procedures of the primary breeder facility.
A sample of 30 males within each genetic strain was randomly selected for this study. Following statistical consultation (E. Russek-Cohen, Department of Animal and Avian Sciences, University of Maryland, College Park, MD, personal communication), this sample size was considered sufficient to account for the high inter-individual variability reported in natural mating studies (Wishart et al., 1992) . Data on fertility and SP through the perivitelline layer was collected for each experimental male at each of the following ages: period 1 (30 to 33 wk), period 2 (34 to 37 wk), period 3 (38 to 41 wk), period 4 (43 to 46 wk), and period 5 (48 to 51 wk). Comb and wattle dimensions were measured at early and late age periods, whereas leg and pelvic measurements were taken at age period 5. The experimental protocol was approved by the University of Maryland Animal Care and Use Committee.
Fertility and SP Through the Perivitelline Layer
Fertility was estimated by macroscopic assessment of the germinal disc (Bakst et al., 1997; Hazary et al., 2001) of four fresh-laid eggs collected from each experimental pen at each age period. During each farm visit at each age period, we took a random sample of four eggs per pen on a single afternoon to ensure that each egg represented a different female within each pen. Because the males were housed in individual pens, this allowed us to estimate percentage fertility for individual males. Eggs were stored at 13 C and 75% relative humidity and were evaluated within 5 d of collection. Estimated fertility (%) was calculated for individual males at each age period. It should be mentioned that McGary et al. (2002) demonstrated that this method of fertility estimation (based on the fouregg sample) strongly correlated with candling fertility, estimated from collections of all laid eggs during a full week for each age period.
Manual semen collection from naturally mating broiler breeders may be an inaccurate methodology to determine semen quality due to poor response to the collection procedure and because males regularly mate. Under these circumstances, SP rather than direct semen evaluation could more accurately assess semen transfer and the number of spermatozoa reaching the infundibulum upon ovulation (Wishart, 1987) . After determining fertility of the sample eggs, the procedures outlined by Howarth and Donoghue (1997) were followed for quantitative determination of SP. Briefly, a 15-× 15-mm section of the perivitelline layer overlying the germinal disc was removed, washed 3× in PBS, and mounted on a Superfrost Plus slide. 3 After fixation (4% formalin), the perivitelline layer was stained with Schiff's reagent 4 to visualize sperm holes. Holes observed within a 5-× 5-mm eyepiece grid were counted at 40× and reported as mean SP per male (based on the four-egg sample) per age period.
Physical Measurements
Wattle length (WL), width (WW), area (WA), and comb length (CL) and width (CW) were measured for each male by PC image analysis 5 of digital pictures of the left and right sides of the head. Each picture includes a metric ruler for calibration. The computer mouse was used to trace WL, WW, WA, CL, and CW, and the distance (mm) or area (mm 2 ) was calculated by the Scion Image Analysis Software. The WL and CL were measured as the maximum horizontal distance between the front and the rear of the comb/wattle. The CW was measured as the maximum vertical distance from the highest peak of the comb to the base and WW as the maximum vertical distance from 3 Fisher Scientific, Pittsburgh, PA. base of the wattle to the distal end. Tracing the perimeter of the wattle with the computer mouse allowed Scion software to calculate WA. The WW, WA, CL, and CW per male for the early and late age periods were determined. Because trait size did not differ between ages (P > 0.05), the mean trait size between these two measurements was calculated and used for subsequent statistical analyses.
At 50 wk (Strain A) and 48 wk (Strain B) of age, males were weighed and euthanized according to the breeder company's flock termination schedule. Digital calipers 6 were used to measure tarsometatarsal length (TL; from the tibio-tarsal joint to the joint of the hallux) and tarsometatarsal width (TW; the width of leg above the spur). A cloth measuring tape was used to measure keel length (KL), defined as the maximum distance from the anterior end of the sternum to the posterior end of the xyphoid process. The thoracic/pelvic regions were then skinned, and the majority of muscle mass was removed from the bones. After air-drying until the moisture content of the remaining muscle tissue was approximately 2 to 5%, the individually labeled carcasses were placed in a stainless steel tank (121.92 × 91.44 × 30.48 cm) that was covered with a plexiglass top containing screen-covered square openings measuring 21 × 25 cm for air circulation. Carcasses were placed on disposable cardboard trays on top of a layer of nonsterile cotton and covered with a second layer of cotton. Dermestid beetles (Dermestes maculatus) were added to the tank to engage in active tissue removal from the bones. The cleaned pelvises were carefully removed, placed in individual plastic bags, and frozen (−31 C) for 2 d to kill remaining adults, larvae, and eggs. Pelvises were rinsed in a mild detergent and allowed to air dry.
Posterior and dorsal pelvic dimensions were measured with digital calipers from the outermost processes located on the skeleton. The digital photos of the posterior ( Figure  1a ) and dorsal (Figure 1b ) skeletal views include letters to denote the points at which the measurements were taken. Mean posterior pelvic length (PPL; Figure 1a ) was calculated as (EA + FB)/2, and mean posterior pelvic width (PPW; Figure 1a ) was calculated as (EF + CD + AB)/3. The PPW estimate was based on the average of measurements at three separate points, as this pelvic area varied greatly depending on where the measurement was taken. Mean dorsal pelvic length (DPL; Figure 1b ) was calculated as (GI + HJ)/2, and mean dorsal pelvic width (DPW; Figure 1b ) was (GH + IJ)/2. The degree of relative FA between the left (L) and right (R) bilateral traits (TL, TW, WL, WW, DPL, DPW, PPL, PPW) was calculated using the formula |L-R|/(L+R) (Møller, 1995) . Relative FA takes mean trait size into consideration in the calculation of FA (Møller, 1995; 1999) . In addition, overall pelvic asymmetry was calculated as the mean FA in DPL, DPW, PPL, and PPW, whereas total FA was determined by calculating mean FA based on the degree of FA determined for all of the bilateral traits measured in this study.
Statistical Analyses
Univariate procedures were applied to determine normality and homogeneity of the residual variance in the data. Physical strain differences were analyzed by the ttest. Data on fertility, SP values per male, were averaged across age to be used for the correlation analyses. Although the morphometric traits met the ANOVA assumptions, we used Kendall non-parametric correlation analysis for each strain to determine the potential relationships between fertility, SP, and the physical parameters as the fertility and SP data were not normally distributed. One outlier was removed from the Strain A correlation analysis between WL and SP and fertility. This male with very low fertility and SP had WL greater than two standard deviations from the mean. Although these correlations between WL and the fertility estimates were significant when this value was included, this individual's WL appeared to be driving the regression line; therefore, removal of this individual resulted in a stronger rvalue. Data were analyzed using the SAS statistical package. 7 Significance for all statistical analyses was accepted at P < 0.05. 7 SAS Institute, Inc., 1999. Version 8.2 ed. Cary, NC. . Statistical significance between each strain for each morphometric dimension has been denoted as *P < 0.05, **P < 0.01, or ***P < 0.001.
RESULTS
Strain A had lower BW (P < 0.01; Figure 2a ), as well as specific conformational differences (Figure 2b , Y 1 axis) as compared to Strain B, including smaller PPL (P < 0.01), DPW (P < 0.001), DPL (P < 0.01), and KL (P < 0.001). Strain A leg dimensions (Figure 2b , Y 2 axis) followed a similar pattern of size reduction for TL (P < 0.0001) and TW (P < 0.05). The Kendall correlation analysis between the fertility estimates and all of the above physical traits within strain indicated a negative correlation between Strain A DPW and fertility, (r = −0.298; P < 0.05; Figure  3a ) but not with SP (P > 0.05). This relationship between DPW and the fertility estimates was not significant for Strain B males (P > 0.05; Figure 3b ). No additional correlations were found between BW, KL, DPL, PPL, PPW, TL, or TW and fertility estimates within either genetic strain (P > 0.05).
The sizes of the secondary sexual characters (WL, WW, WA, CL, CW) were smaller for Strain A as compared to Strain B (P < 0.001; Figure 4 ). Further analysis of these characters revealed that within Strain A, males with greater WL tended to have higher fertility (r = 0.346; P < 0.01; Figure 5a ) and SP (r = 0.383; P < 0.01; Figure 5b ). The same relationship was found for CW as well, which correlated with Strain A fertility (r = 0.296; P < 0.05; Figure  6a ) and SP (r = 0.030; P < 0.05; 6b). However, no correlations were found between wattle dimensions and fertility estimates within Strain B.
Despite the smaller size of Strain A birds and their secondary sexual characters, the degree of FA (Figure 7 ) for TL (P < 0.01) and WL (P < 0.05) was greater than for Strain B. Conversely, FA of DPW was greater for Strain B (P < 0.001). Interestingly, this was the only FA measure-FIGURE 4. Differences (mean ± SE) between Strains A and B for wattle length (WL), wattle width (WW), comb length (CL), comb width (CW) (as indicated by the Y 1 axis in mm), and wattle area (WA) (as indicated by the Y 2 axis, mm 2 ). Statistical significance between each strain for each morphometric dimension has been denoted as ***P < 0.001. ment that negatively correlated with fertility (r = −0.3694, P < 0.01; Figure 8 ). The additional FA measurements (pelvic, wattle, and leg) did not show any correlations with fertility or SP within either strain (P > 0.05). In addition, we calculated mean pelvic FA and overall FA per male with the expectation that these values would provide a better overall measure of FA. However, total FA (Strain A = 0.038 ± 0.004; Strain B = 0.040 ± 0.003) and pelvic FA (0.023 ± 0.002, 0.028 ± 0.011) were not different between Strains A and B, respectively (P > 0.05), nor did these measures of FA correlate with fertility or SP (P > 0.05).
DISCUSSION
The goal of the current experiment was to characterize the relationships between physical traits and fertility levels within two genetically divergent strains of primary broiler breeders. Surprisingly our findings showed Strain A males to have lower BW. This finding was contrary to our prediction that smaller males would have higher fertility due to better mating ability, which was based on previous works showing a tendency for reproductive fitness to decline as selection pressure for BW increases (Siegel and Dunnington, 1985) . Furthermore, because BW did not correlate with fertility or SP in either of the strains we investigated, it seems unlikely that BW in itself directly impacted male mating ability at least in these genetic strains. Although little empirical evidence is available regarding the relationship between BW and fertility in broiler breeders, earlier studies have demonstrated a negative relationship between BW and fertility in naturally mated turkeys (Berg and Shoffner, 1954; Kondra and Shoffner, 1955) . However, our findings are in agreement with Carte and Leighton (1969) , who found no effect of BW on turkey fertility. Consequently, our finding suggests that rather than BW per se, other factors such as specific musculo-skeletal characteristics (Carte and Leighton, 1969 ) may have impacted a male's ability to copulate successfully. Hence, the next logical step in our experiment was to determine if fertility levels were related to KL, pelvic conformation, or leg dimensions.
The intent of this experiment was to evaluate fertility under natural mating (commercial) conditions. Because manual semen collections may have biased the results of the original purpose of the study, and because the different mating activities of our experimental males would have caused an uncontrollable effect on the quality of the ejaculate collected, we decided against evaluation of semen quality in this study. Nevertheless, we recognize the importance of semen quality and its effects on differential male fertility as demonstrated by different authors previously (Froman and Bernier, 1987; Froman et al., 1992) . Contrary to our prediction that larger musculoskeletal dimensions (Wilson et al., 1979; Duncan et al., 1990) would impede semen transfer and reduce fertility, we found, in accordance with their smaller BW, that the Strain A males had smaller KL, DPW, DPL, and PPL as compared to Strain B. Nonetheless, pelvic conformation may be a useful parameter to predict fertility within Strain A, as we found fertility significantly declined as DPW increased. It is important to note that since Strain A has undergone intense selection for yield, it is likely that the skeletal structure was simultaneously modified in order to accommodate increased breast conformation. Therefore, it is possible that the widening of the DPW might have interfered with successful semen transfer for some males (e.g., by increased distance between the male and female cloaca upon copulation). In addition, it was suggested by McGary et al. (2001) that fertility problems in broiler breeders are unlikely related to a lack of courtship or to reduced mating frequency. Hence, the potential impact of genetic selection for growth on fertility seems to be more closely related to specific aspects of musculoskeletal structure for any given poultry strain, such as DPW in the case of Strain A.
We anticipated variation in leg dimensions to impact mating and semen transfer ability in much the same manner as pelvic structure, particularly if the genetic selection resulted in males with altered leg size. In accordance with the potential for musculo-skeletal modifications to impede semen transfer, variability in leg size could, for example, alter the intersexual cloacal distance upon mating. Although TL and TW were significantly smaller for Strain A, the strain with poorer fertility, neither TL nor TW correlated with fertility or SP within either strain. These results suggest, therefore, that leg size does not seem to have a direct impact (positive or negative) on male fertility levels.
In addition to skeletal dimensions, we investigated comb and wattle size as potential phenotypic fertility correlates. Our results showed that Strain A males had smaller WL, WW, WA, CL, and CW than Strain B. Moreover, WL and CW positively correlated with fertility and SP in Strain A, providing further evidence of the relationships between differential phenotypic expression of secondary sexual traits and an individual's reproductive success, in agreement with the results reported by McGary et al. (2002) for comb area. However, our results provided no evidence in support of the measurements of these sexual traits as fertility correlates for Strain B. These findings therefore reinforce the potential use of secondary sexual characters as reliable fertility indicators within at least some genetic strains of broiler breeders.
Broiler breeders may face several nonspecific stressors, such as heat stress, feed restriction, management, and social stress that may have altered the degree of FA of bilateral traits as indicated previously. In support of our prediction that differential FA among males could be used as a tool to reliably select males of high reproductive quality (Møller, 1990) , our results showed that although Strain A males had shorter TL and WL as compared to Strain B, they had a higher degree of FA for these measurements. Hence, it is possible that overall, males within Strain A were more prone to stress, which would result in a higher degree of FA, as stressors have been shown to influence the degree of FA in wild birds (Parsons, 1990 ) and in the domestic fowl (Møller et al., 1995) .
Although we did not present data on the physiological stress response, serum samples from these males were analyzed for corticosterone, and those data have been submitted for publication elsewhere (S. McGary et al., unpublished data). In addition to environmental stres-FIGURE 7. Mean ± SE of the degree of fluctuating asymmetry (FA) between the left and right tarsometatarsal length (TL), wattle length (WL), and dorsal pelvic width (DPW) for Strains A and B, respectively. Statistical significance between each strain for each morphometric dimension has been denoted as *P < 0.05, **P < 0.01, or ***P < 0.001).
sors, the degree of energetic investment in growth reflects the symmetry of traits such as the tarsi (Swaddle and Witter, 1994; Rintamaki et al., 1997) . Consequently, it is possible that the high-energy investment into growth might have constrained the ability of Strain A males to invest in development of highly symmetrical bilateral traits (Møller et al., 1995) . However, contrary to our predictions, we did not find further relationships between the degree of FA of secondary sexual traits and fertility or SP within the genetic strains investigated in this study, despite the abundant existing literature that has demonstrated an inverse relationship between FA of secondary sexual characters and reproductive success in wild species (Møller, 1990; Morris and Casey, 1998; Cadė e, 2000) .
Similar to the potential relationships with the development of secondary sexual characters, we also predicted FA in the musculo-skeletal measurements to negatively correlate with male fertility. This was partially supported by the finding that Strain B males with a greater degree of FA of DPW had lower fertility. As a more in-depth exploration of the impact of FA on fertility, we also estimated overall pelvic FA and total FA as fertility correlates, because we expected these comprehensive estimates of FA could better indicate male quality (Møller et al., 1995) . However, neither of these FA estimates correlated with fertility or SP in either strain. Therefore, at least in this work, overall FA does not seem to characterize a male's fertility potential.
In conclusion, the present study provides further evidence suggesting the potential for musculo-skeletal traits, specifically DPW, and secondary sexual characters, namely CL and WL, to indicate male fertility levels in some genetic strains of primary broiler breeders. For example, Strain A DPW correlated with fertility levels, suggesting a direct impact of pelvic conformation on male's physical ability to mount and successfully inseminate upon cloacal contact. In addition, the positive correlation between WL, CL, and fertility in Strain A indicates that the development of secondary sexual characters may convey male reproductive quality in some genetic strains. Despite the fact that our results did not strongly support the use of FA to predict fertility potential, we suggest that the relationship between FA and fertility in broiler breeder males should be further explored, as Strain A, which had lower fertility, also had a higher degree of FA in TL and WL. Furthermore, the degree of FA of DPW in Strain B offers some potential as a fertility indicator in this strain that should be further investigated, although in general this strain was characterized by the lack of correlation between fertility and SP with any of the phenotypic traits investigated in this study. Because of the discrepancy of results between these two genetic strains, we suggest that independent strain evaluation must be conducted to characterize the most reliable phenotypic fertility indicators in each case.
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